Abstract-Contrast-enhanced ultrasound (CEUS) imaging offers great opportunities for new ultrasound applications by improving the contrast between blood and tissue using microbubbles. However, the low signal-to-noise ratio (SNR) due to the low mechanical index (MI) requirement can sometimes be an issue in practice. Multiplane wave (MW) imaging is a technique recently proposed to increase the SNR for compounding plane wave imaging. In this study, we propose to combine CEUS with MW imaging to improve SNR without elevating MI in plane-wave-based CEUS imaging. The MW-CEUS method emits multiple Hadamard-coded CEUS pulses in each transmission events (i.e., pulse-echo events). The received echo signals first undergoes fundamental bandpass filtering (i.e., filter centered on transmit frequency) to eliminate the microbubble 2 nd harmonic signals as they cannot be encoded by pulse inversion. The filtered signals are then Hadamard decoded and re-aligned in fast time to recover the signals as they would have been obtained from classic CEUS pulses, followed by designed recombination to cancel the linear tissue responses. The MW-CEUS method significantly improves contrast-to-tissue ratio (CTR) of CEUS imaging by transmitting longer coded pulses with preserved image spatial resolutions. The microbubble disruption ratio in MW-CEUS is also comparable with classic CEUS imaging. In addition, the MW-CEUS sequence can be readily adapted to other transmission coding formats. These properties of MW-CEUS can potentially facilitate CEUS imaging for a wide spectrum of clinical applications, especially for deep abdominal organs or heart.
INTRODUCTION
Contrast-enhanced ultrasound (CEUS) imaging offers great opportunities for new ultrasound applications by improving the contrast between blood and tissue using microbubbles [1, 2] . However, insufficient signal-to-noise ratio (SNR) of the microbubble responses can often be found in deeper imaging region due to the low mechanical index (MI) used to avoid microbubble disruption [3] . Enhancing the SNR and contrastto-tissue ratio (CTR) in CEUS imaging without increasing MI is critical to improve the robustness of existing clinical CEUS applications as well as expanding CEUS to other potential clinical use.
Multiplane wave (MW) imaging [4] is a technique recently proposed in which multiplane waves are emitted successively during one transmission event (i.e., pulse-echo event) to increase the SNR for compounding plane wave imaging [5] . In this study, to take the advantage of SNR gain from MW encoding, we describe a new strategy of combining CEUS sequences with MW imaging using AM as a first step of investigation. The MW-AM method images the microbubbles mainly with their backscattered fundamental nonlinear energy. This is because the 2 nd harmonic component of microbubbles cannot be encoded by Hadamard matrix as in MW compounding [6] .
The paper is organized as follows: Section II first reviews the concept of MW compounding; then the combination of MW and CEUS sequences is explained in detail with an example of AM imaging. The experiment configurations are also introduced. Section III compares the results between AM with conventional plane wave imaging [7, 8] and with the proposed MW compounding. Section IV discusses and concludes the improvement of MW-CEUS sequences over the conventional single plane wave CEUS methods.
II. METHODS

A. Multiplane Wave Compounding
Multiplane wave (MW) imaging [4] was proposed to increase SNR in conventional coherent plane wave compounding [5] without sacrificing the spatial resolution or frame rate. In MW imaging, multiple plane waves with different steering angles are emitted quasi-simultaneously with short interleaved time delay (a few microseconds) in each single transmission event (i.e., pulse-echo event). Each plane wave is coded with a +1 or -1 multiplicative factor following the entries of a Hadamard matrix. Upon receive, RF signals are Hadamard decoded through addition or subtraction and then re-aligned in fast time to recover the signals as they would have been obtained from each steering angle. The decoded and re-aligned RF signals are then beamformed and compounded following the conventional coherent compounding plane wave imaging approach to improve SNR [4] .
B. Combining Amplitude Modulation sequence with Multiplane Wave Compounding (MW-AM)
Different CEUS imaging sequences can be combined with MW compounding to increase SNR. In the following section, the AM sequence will be shown as an example to explain the combination strategy of MW-CEUS method. In classic amplitude modulation (AM), two pulses are individually emitted in two separate transmission events. The amplitude in the second transmit pulse is reduced to half of the amplitude of the first pulse. Therefore, the two AM pulses can be described as +1 and +0.5 pulses, respectively. Fig. 1 shows a pulse design example of combining AM with two angle MW compounding using the proposed method. This MW-AM sequence contains four transmission events (i.e., TX #1-TX #4), each with four tilted plane wave emissions (i.e., Emission 1-4). These four emissions within the same transmission event can be further separated into two pairs, each corresponding to one steering angle as Emissions {1, 2} and {3, 4}. Within each pair, two AM pulses (i.e., +1 and +0.5 pulses) are excited consecutively with the polarities following a 4 th -order Hadamard matrix (H 4 ). Both the amplitudes and polarities are labeled besides the emitted pulses in each transmission event in Fig. 1 . Same as in standard MW compounding, a short interleaved time delay t is added between adjacent emissions. Note that t in MW-AM needs to be 'sufficiently long' for microbubbles to return to a relatively equilibrium status from previous pulse excitation for proper decoding (the t value was determined experimentally which will be given in Section II. D). 
or expanded as: is the echo RF signal acquired with the +0.5 pulse at the same j-th steering angle. M is a column vector with elements of l m , which is the received echoes from the l-th MW-AM transmission event (e.g. 1 m is the received signal from Fig. 1 , TX #1).
C. MW-AM Sequence Decoding and Recombination
After receiving the MW-AM coded transmissions, the received RF signals (i.e., l m ) are first filtered by a bandpass filter centered on the transmit center frequency. This is used to eliminate 2 nd harmonic signals as they do not follow Hadamard encoding [6] . Then the filtered signals undergo the same Hadamard decoding steps as in MW imaging through addition and subtraction which can be described using Eq. 
D. Phantom Experiment Setup
The proposed MW-AM imaging method was tested with a tissue mimicking phantom that was fabricated following [9] . The phantom had a 7 mm diameter wall-less flow cell that was approximately 5 cm deep and centered laterally. A suspension of microbubble agent (Definity, Lantheus Medical Imaging, N. Billerica, MA, USA) was diluted in saline to a ratio of 0.1:1000 [10] . A syringe pump (KD Scientific Inc., Holliston, MA, USA) was used to allow the microbubble suspension to steadily flow through the CEUS cell at an approximate flow speed of 7.5 mm/s to replenish the microbubbles before each measurement. All measurements were completed within 5 min after the suspension preparation.
The Verasonics Vantage system (Verasonics Inc., Kirkland, WA) with a linear array transducer L11-4v (Verasonics Inc.) was used throughout this study. Both the classic AM plane wave imaging and MW-AM sequences were tested at low MI (i.e., MI 0.1), following the strategy as described in Section II.B and II.C. Eight compounding angles +1°, +3°, +5°, and +7°) were selected using a pulse repetition frequency of 6.25 kHz. In AM and MW-AM imaging, each angle was excited twice by the +1 and +0.5 pulses, respectively, leading to a 390 Hz post-compounding frame rate for both imaging techniques. The sixteen pulses in classic AM (i.e., two AM pulses emitted at 8 compounding angles) were evenly divided into four subgroups, each with two steering angles. Two AM pulses (+1, +0.5) were emitted at each angle, resulting four pulses in total in each subgroup. Therefore, each subgroup was encoded by a 4 th -order Hadamard matrix (i.e., 4 H ), following the coding pattern shown in Fig. 1. Four 4 H were needed to cover all steering angles in all subgroups.
In AM or MW-AM imaging, the +1 pulse was a one cycle pulse with a center frequency of 4.5 MHz. The -1 pulse in MW-AM was transmitted by inverting the pulse polarity of the +1 pulse. The 5 . 0 pulses were delivered by reducing the duty cycle of 1 pulses to 50%. The fundamental frequency bandpass filter applied to both AM and MW-AM imaging sequences was designed as a Hanning window with cutoff frequencies at 3 and 7 MHz, respectively (i.e., Hanning window gets to zero and 3 and 7 MHz). The short interleaved time delay between titled pulse emissions ( t ) in MW-AM was 1 μs to allow microbubbles to settle between adjacent excitations. This value was selected based on experimental findings which showed no significant image quality improvement when t was greater than 1 μs. Image quality metrics such as CTR and spatial resolutions were evaluated and compared between AM and MW-AM sequences. Fig. 2 shows the flow-cell phantom images acquired with AM and MW-AM at 0.1 MI, respectively, with the same postcompounded frame rate. The contras-to-tissue ratio (CTR) values are shown in the titles of sub-figures which were calculated as the mean value difference between contrast region (solid box) and tissue background (dotted box) at similar depth (i.e., Fig. 2 (b) , 5 cm) [3] . After combining AM with multiplane wave (MW) encoding, the far field noise in MW-AM image (Fig. 2 (b) ) was significantly reduced, leading to improved CTR value compared to the corresponding classic AM case (Fig. 2 (a) ).
III. RESULTS
A. Flow-cell Phantom Study
The lateral and axial resolutions estimated using speckle auto-covariance function [11] were comparable for AM implemented in conventional plane wave compounding and MW encoding (lateral: 0.7 mm; axial: 0.6 mm). This can be attributed to the similar transmit aperture and imaging center frequency used in both sequences. This demonstrates that the spatial resolution of MW-AM can be preserved as in classic AM imaging method. 
E. Disruption Ratio
The longer transmit pulses in MW-AM may result in more microbubble disruption as compared to classic AM. Therefore, the microbubble disruption ratios for both sequences were also measured at different MI for further evaluation. The location of the flow-cell was changed to a 15-mm depth, which matches the elevational focus of the L11-4v probe. For a given MI, the flow was first stopped (i.e., still microbubble solution being imaged), and the AM or MW-AM transmit sequence was repeated 100 times over the same population of microbubbles within the flow-cell. The microbubble intensity ratio between the last frame and the first frame was calculated as an estimate of disruption ratio [8] . The disruption ratio was measured five times for each MI, and fresh microbubble solution was used for each measurement. Fig. 3 shows the disruption ratios estimated for AM and MW-AM as a function of MI. The two curves are very close with similar mean disruption ratios, even though MW-AM has four times higher spatial peak temporal average intensity (I SPTA ) than AM. This result agrees with literature that MI or peak negative pressure is a more dominant factor for microbubble disruption than I SPTA [8] . 
IV. DISCUSSION AND CONCLUSION
This paper described a new strategy of combining CEUS pulse sequences with MW imaging using the example of AM imaging. The MW-AM sequence mainly uses the nonlinear energy from the microbubbles at fundamental frequency because they can be properly encoded and decoded by pulse inversion. From a flow-cell phantom study, MW-AM demonstrated significantly improved microbubble contrast and preserved spatial resolutions compared with AM. The disruption ratio in MW-AM was also estimated to be comparable as in classic AM. These results show the promise of extending CEUS imaging for different applications such as imaging small vessels with weak flows, as well as highfrequency CEUS imaging in which the microbubble detection efficacy can be severely undermined by frequency dependent attenuation [12] .
The pulse inversion (PI) and pulse inversion amplitude modulation (PIAM) methods [13] can also follow the similar pattern for MW encoding and decoding. Since PI is already involved during MW encoding, MW-AM and MW-PIAM are equivalent and expected to achieve similar results. For MW-PI, as opposed to standard PI imaging, the 2 nd -harmonic component needs to be removed by the fundamental bandpass filter because it does not follow Hadamard encoding. Contrast-enhanced PI imaging with fundamental nonlinear energy has been introduced in [14] , and the microbubble echoes had a fundamental component even after PI cancellation, which is adequate for imaging. Therefore, we expect that MW-PI would enhance contrast-enhanced PI imaging based on the same principles as introduced in the MW-AM method in this study. In addition, the MW encoding for all CEUS sequences (i.e., AM, PI, and PIAM) can be adapted to diverging waves [15] or other transmission encoding formats such as ultrafast synthetic aperture imaging [16] . These flexibilities further extend the potential of MW-CEUS to meet the requirement of different applications.
